Introduction
Macroalgal forests, corresponding to seaweed beds, play important roles in protecting ecosystems in coastal areas and in supplying useful materials for our society. 1, 2 However, macroalgal deforestation has recently become a serious worldwide problem in coastal areas. 3, 4 The presence of dissolved iron can limit the growth of seaweed. For example, the reproductive growth of brown macroalgae is regulated by iron, 5, 6 and the biomass productivity for brown macroalgal sporophytes is significantly increased when higher levels of dissolved iron are present. 7 A lack of dissolved iron, then, can cause critical damage to the preservation of seaweed beds. It is known that dissolved organic matter plays important roles in the water solubility and bioavailability of trace levels of iron in seawater. 6, 8 An iron enrichment technique by fertilizing the sea bottom with a mixture consisting of steelmaking slag and compost was recently evaluated for use as a source of dissolved iron in an attempt to recover and preserve seaweed beds in Japan. 9 Regarding this technique, it was reported that seawaterextractable organic matter (SWEOM) derived from a compost could play an effective role in supplying bioavailable iron for the reproduction of a brown macroalga. 6 However, in these previous reports, the SWEOM fraction that had been extracted after an incubation period of only 3 days was investigated. 6, [10] [11] [12] Regarding developing an understanding of the role for compost in the fertilization of coastal water, the elution characteristics and structural alterations of SWEOM from compost during a longer extraction period under anaerobic seawater conditions should also be investigated.
In this study, the characteristics of SWEOM were monitored during a 90-day incubation period. Because the structural features of SWEOM vary depending on the molecular size, 11, 12 the structural alterations of SWEOM that had been incubated for various periods of time were investigated for the two molecular size fractions above (HMW) and below 500 Da (LMW) by spectrometric analyses. Moreover, the effect of SWEOM on suppling Fe to brown macroalgae was elucidated based on the reproductive growth of female gametophytes, Saccharina japonica (i.e., oogenesis).
H, 4.86; N, 2.45; S, 0.43; O, 35.5; ash, 18.0 (wt%). The artificial seawater was prepared by dissolving the following salts (g) in 1 kg of ultrapure water: NaCl, 28.5; MgSO4·7H2O, 7.00; MgCl2·6H2O, 5.00; CaCl2, 1.11; KCl, 0.73; H3BO3, 0.03. Prior to use in the experiment, the pH of the artificial seawater was adjusted to 8.0 -8.1 using dilute aqueous HCl and NaOH.
Sequential extraction and purification of SWEOMs
A 75.0-g portion of dry compost powder and a 750-g portion of artificial seawater (pH = 8.0, I = 0.7) were mixed in a 2-L capped Erlenmeyer poly-flask at a solid:liquid ratio of 1:10 (wt/wt). After purging with a N2 gas for 30 min, the flask was sealed tightly and shaken with mechanical shaker (MMS-210, EYELA) for 90 days in the dark. At 3, 6, 9, 12, 15, 27, 39, 60 and 90 days of extraction, the suspension was separated into the liquid and solid phases by centrifugation (10000 rpm, 15 min). The solid phase was mixed with newly prepared artificial seawater, and the extraction procedure was then continued after purging the suspension with N2 gas for 30 min. To investigate the elution behavior of the SWEOM, an aliquot of this liquid phase was filtered through 5A filter paper (ADVANTEC), and the total organic carbon (TOC) concentration of this filtrate was measured by means of a TOC analyzer (TOC-V CSH/CSN, Shimadzu). SWEOM fractions were collected from the liquid phase at 3, 15, 27 and 90 days, and were divided into two fractions, HMW and LMW, by means of ultrafiltration (MWCO 500 Da). SWEOMs were purified according to previous reports. [10] [11] [12] The sequential extraction procedure was duplicated. These purified SWEOMs were freeze-dried and stored in powdered form at -30 C until used. The yields of SWEOMs were evaluated as the value calculated by dividing the obtained powdered fractions (mg) by initially taken compost (kg) and the interval days to seawater exchange (day). To distinguish between samples, the extraction period (number of days) of each SWEOMs are expressed by the number at the end of each fraction label (e.g., HMW3 or LMW90).
Molecular weights
The molecular weights of the SWEOMs were estimated by HPSEC using a PU-2080-type HPLC system (JASCO) with a TSK-Gel α-M column (7.8 mm i.d. × 300 mm, Tosoh, Japan) as reported previously. 2600 kDa, 990 kDa, 350 kDa, 150 kDa, 77 kDa, 49 kDa, 32 kDa, 17 kDa, 13 kDa, 6800 Da, 4300 Da, 1400 Da and 208 Da sized polystyrene sulfonic acid sodium salts were used as standards for calibrating the molecular weight, in which a standard of 2600 kDa was used for determining the void volume (6.3 mL). Sample solutions were prepared by diluting a 300-μL aliquot of a 1000 mg L -1 SWEOM solution to 250 mg L -1 with phosphate buffer (pH 7.0). The HPSEC conditions were as follows: the mobile phase was a mixture of 0.01 M phosphate buffer (pH 7.0) and acetonitrile mixture (75:25, v/v) at a flow rate of 0.75 mL min -1 , a column temperature of 40 C and a detection wavelength of 260 nm. The weight average (Mw) and number average (Mn) molecular weights were calculated using the following equations:
where Mi and hi represent the values of the molecular weight and the peak intensity at the corresponding retention times, respectively.
Spectrometric analyses
UV-vis spectroscopic analysis was performed on a V-630 spectrophotometer (JASCO), using 1 × 1 cm quartz cuvettes. The concentration of the samples was 50 mg L -1 , which were prepared by diluting 1000 mg L -1 in 0.05 M NaOH of the SWEOM stock solution with a 0.05 M phosphate buffer solution (pH 7.00 ± 0.05). The absorptivities at 600 nm (ε600) and 280 nm (ε280) were calculated using the following equation: 14 600 or 280 = Absorbance at 600 or 280 nm (cm
where %C represents the percent of carbon contents of SWEOMs estimated by TOC analysis. The FT-IR spectra were recorded on pellets made from a 1:100 (w/w) mixture of dried compost or SWEOM/KBr, using an FT/IR 4100 spectrophotometer (JASCO).
Solid-state CP-MAS 13 C NMR spectra were recorded using a Bruker MSL-400-type NMR spectrometer at a field strength corresponding to 75.47 MHz for 13 C and 300.5 MHz for 1 H using a 4-mm CP MAS probe. The variable amplitude CPMAS technique was applied at a contact time of 1 ms, a spinning speed of 9 kHz, a pulse delay of 6 s, and integration times of 8000.
Gametogenesis assay
An aseptic stock of female gametophytes of Saccharina japonica was obtained from the Muroran Marine Station, Hokkaido University (Hokkaido, Japan). 5 A 30-mL aliquot of ASP12, excepting EDTA and Fe, was pipetted into 100-mL Erlenmeyer glass flasks that had been acid-washed and heatsterilized. The 600 or 1200 μL of SWEOM stock solution (1000 mg L -1 in 0.05 M NaOH) was added to the medium. Based on the results of a previous study, 6 the concentrations of HMW and LMW in the media were adjusted at 5 and 10 mg L -1 as being suitable values, respectively. Subsequently, 0 or 30 μL of the 1 mM Fe 2+ stock solution was added to the resulting media. After sealing with Al-foil, the media were sterilized by autoclaving (121 C, 20 min). After cooling the media to room temperature, the media were inoculated with small fragmented gametophytes under HEPA conditions. The inoculated gametophytes were cultured for 14 days at 10 C under a 14/10 h of light/dark cycle in a light condition of 20 -40 μm photons m -2 s -1 with cool white LED lights. After a 14-day incubation period, the degree of reproductive growth was estimated to be maturity (%), which was calculated as the percentage of mature cells. 6, 7 
Results and Discussion

Quantitative change of SWEOM
To investigate the elution behavior of the SWEOM, TOC values of filtered artificial seawater after extraction for an arbitrary incubation period were measured. In this experiment, artificial seawater was sometimes changed to a new one. The TOC values were standardized by the interval period to a seawater exchange accordingly. Figure 1 shows the kinetical change of the TOC values (mg L -1 day -1 ) for a 90 day period of incubation. As shown in Fig. 1 , the elution of the SWEOM was significantly decreased after 3 days, and reached a plateau after a 27-day incubation period. Most of the SWEOM was eluted during the initial 15 days (ca. 82% of the total eluted SWEOM during 90 days); however, a small amount of SWEOM (ca.
) continued to elute during the 27 to 90-day period. The yields of SWEOMs are summarized in Table 1 . Although the yield of LMW at the initial stage of incubation (3 days) was 496 mg kg -1 day -1 , the values significantly decreased to 101, 27 and 8.3 mg kg -1 day -1 for 15, 27 and 90 days of incubation periods. The yields of HMWs were also significantly decreased from the initial (142 mg kg -1 day -1 ) to the end satges (ca. 6 mg kg -1 day -1 ) of incubation. The yield ratios of HMW:LMW at day 3 and after 15 were about 2:8 and 4:6, respectively. It was predicted that LMW was the dominant SWEOM fraction in an initial compost, and that most of the LMW was eluted during the initial stages of the incubation period. However, the amount of the LMW fraction was larger than that of the HMW fraction in any extraction period.
Qualitative changes of SWEOM
The Mw values and the Mw/Mn ratios are summarized in Table 1 . The values of Mw and Mw/Mn for HMWs significantly increased with increasing incubation period (Table 1) The Mw and Mw/Mn values for the LMWs were not significantly changed because the LMWs were fractions that passed through the ultrafiltration membrane. Figure 2 shows UV-vis spectra for the HMWs and LMWs. The spectra for the SWEOMs appeared as broad peaks, which are characteristic of humic substances. For the HMWs, the absorbances decreased gradually during the initial 30-day incubation period; the absorbance for the HMW90 exceeded that for the HMW15. In contrast, for LMWs, the absorbances gradually increased with increasing incubation period. Figure 3 shows the absorptivities at 600 nm (ε600) and 280 nm (ε280), respectively. The values of ε280 and ε600 are related to the degree of conjugated aliphatic polyaromatic structure and that of aromaticity, respectively.
Spectroscopic characteristics
14 In the case of the HMWs, the ε280 and ε600 values decreased with increasing period of extraction, indicating that the content of conjugated bonds and aromatic structures decreased with increasing extraction period. In the case of the LMWs, the two indexes were increased with increasing incubation period, indicating that the content of the aromatic structures was significantly increased. Figure 4 shows FT-IR spectra for HMWs, LMWs and compost used in the extraction, respectively. The spectral bands were assigned as follows: [15] [16] [17] A broad peak at 3400 cm -1 for intermolecular bonded phenolic O-H stretching; a spectral band at 3300 cm -1 for aliphatic N-H stretching; two peaks at 2850 -2950 cm -1 for asymmetrical and symmetrical stretching of aliphatic C-H; a peak or shoulder at 1720 cm -1 for carboxylic C=O stretching; a peak at 1650 cm -1 for C=O stretching of amide-I band; a peak or shoulder at 1620 cm -1 for aromatic C=C stretching; a peak at 1540 cm -1 for N-H bending and C-N stretching of amide-II band; a peak at 1390 cm -1 for symmetric stretching of carboxylate or aldehydic C-H bending; a peak or shoulder band at 1220 -1230 cm -1 for phenolic or carboxylic C-O stretching and carboxylic or alcoholic O-H bending; a spectral band at 1100 -1170 cm -1 for C-O-C stretching of ethers or an aliphatic C-OH stretching; a peak at 1050 cm -1 for C-O stretching of polysaccharides; a broad peak at about 800 cm -1 for out-of-plane N-H wagging of amines. The peaks at around 3390 -3290, 2930, 1650 and 1050 cm -1 were conspicuous characteristics of the spectra of the HMWs. The broad peak around 3400 cm -1 , and the peaks at 1720 and 1220 cm -1 were characteristic in the spectra for the LMWs. For the HMWs, the intensity of the peaks at 3290, 1650 and 1541 cm -1 increased with increasing extraction period. This result suggests that the content of nitrogen containing compounds increased during incubation. The intensity of the peak at 2928 cm -1 for the HMWs gradually increased from initial to the later extraction stages, suggesting that the structure of the HMW at the later stage of incubation had a more aliphatic character than that of HMW at the initial stage. In the spectra for LMWs (Fig. 4(B) ), the band at 3422 cm -1 and the shoulder at 1620 cm -1 were enhanced during the extraction period, indicating that the content of phenolic and aromatic compounds increased with increasing incubation period. The sharp peak at 1719 cm -1 for the LMWs became smaller with increasing extraction period, while the peaks around 1100 -1170 cm -1 increased. This trend indicates that carboxylic acid and ether or aliphatic-OH structure were decreased and increased, respectively, during the extraction period. Because compost is a mixture of various types of organic matter, like humic and non-humic substances, the spectra for the composts contained some broad peaks (Fig. 4(C) ). Compared to the spectrum for the compost before extraction, the peaks at around 1600, 1220 and 1032 cm -1 were decreased after extraction. Also, a small peak at 796 cm -1 was visible before the extraction was no longer present after the extraction. These results indicated that the composition level of aromatic compounds, carboxylic or hydroxyl groups, saccharides and amines were decreased by the extraction during the 90 days.
Solid-state CP-MAS 13 C NMR spectra for the SWEOMs are shown in Fig. 5 . The chemical shifts were assigned according to Warshaw et al. 18 Spectra for the HMWs (Fig. 5 left) show strong peaks assigned to alkyl-C, polysaccharide-C, carbonyl-C, and only a few peaks corresponding to the aromatic-C region were observed. No significant alteration was evident, except that the peak assigned to polysaccharide-C decreased with increasing incubation period. Spectra for the LMWs (Fig. 5  right) show broad spectral peaks assigned to alkyl-C and small peaks in the region corresponding to carbonyl-C. In the LMW15, 27 and 90 samples, an inconspicuous peak at 120 -140 ppm in the LMW3 change to large peaks, indicating that the aromaticity of the LMWs increased during the incubation. The relative abundance (%) of carbon species were calculated by integrating the NMR spectral peaks, and are summarized in Table 2 . With increasing period of incubation from 3 to 90 days, for the HMWs, the relative abundance of alkyl-C increased by 1.5, while that of aromatic-C and carbonyl-C decreased by 0.7. For the LMWs, the relative abundance of aromatic-C increased by 1.6, while that of polysaccharide-C and carbonyl-C decreased by 0.8 and 0.5, respectively. In particular, the abundance of aromatic-C attached to hydrogen or carbon (110 -140 ppm) for the LMW increased significantly by 1.94 times during the 90 day extraction period. 
Summary of structural alterations
A significant increase in the Mw/Mn values observed for the HMWs indicates that they were comprised of a mixture of macromolecules with a range of molecular size, a significant increase in the Mw of the HMWs, then, resulted from aggregation stimulated by the relatively high concentratioin of divalent cations in seawater. 6, 19, 20 The previous study observed that the flocculation of HMW increased during 14 day of incubation in the artificial seawater medium. 6 The long interval periods to seawater exchange for HMW27 (12 day) and HMW90 (30 day) could induced the aggregation of eluted HMW. It is known that the darkening of humic substances color is attributed to the development of polycondensation and conjugate bond systems. From the results of UV-vis spectral features, structural alterations in HMW and LMW resulted from enrichment in saturated bond and aromatic compounds, respectively. This result is in agreement with those obtained in Figs. 3 -5 . A previous study reported that structural alterations of humic acids that were incubated with coastal seawater might be caused by the activation of anaerobic microorganisms. 13 It is known that nonaromatic carbohydrates can be converted into substances containing phenolic groups, like lignin monomers, via aromatization through a dehydration process and the shikimic acid pathway. 17 These aromatization reactions require the enzymatic assistance of anaerobic bacteria, such as Escherichia coli bacteria. 17, 21 The concentration of saccharides appears to have decreased, as evidenced by a 1032 cm -1 peak in the FT-IR spectrum for compost after a 90-day period of incubation ( Fig. 4(C) ). The results of NMR analyses are also consistent with saccharides being lost from HMW (60 -110 ppm) during the incubation (Table 2 ; Fig. 5 ). In addition, low molecular aromatic compounds would be released via the degradation of lignin by anaerobic bacteria. 22, 23 High amounts of lignin compounds contained in bark tips repesent a source of aromatic compounds. 17 It is likely that biodegradation products were eluted as the LMW fraction during long term incubation. We, therefore conclude that, the structural changes in the HMW and LMW are a result of the activation of anaerobic microorganisms. SWEOM might be produced from compost as metabolites and by-products of anaerobic bacteria, although SWEOM initially contained in the compost is mostly eluted at the initial stage of fertilization.
Gametogenesis assay
Reproductive growth on gametophyte of brown macroalgae is induced by Fe.
5,6 Figure 6 shows the percent of mature female gametophytes (S. japonica) incubated in media containing sequentially extracted SWEOMs. Chelate-free and 1 μM of EDTA containing media were used as controls. Even though Fe was added, as shown in Fig. 6 , the maturity for a 14-day period was very low in the chelate-free medium (ca. 17%). In the media containing 1 μM Fe with EDTA as a chelating agent, the maturity for a 14-day period of incubation reached about 90%.
In the case of media in which Fe was not added, 0 -10% of maturity was observed for both the HMW and LMW. The maturation appeared to be caused by low levels of contaminating iron in the SWEOMs. 6 In the media in which HMW and Fe (1 μM) were added, 30 -50% of gametophytes were converted to eggs. The difference between the maturity in the case of HMW90 alone (ca. 15%) and that in which HMW90 and Fe were added (ca. 30%) were only 15%. Considering the result of chelate-free condition, the increase could be caused by just Feadded, rather than the effect of HMW90. For the case of added LMW and Fe (1 μM), an average maturity of about 70% was observed in the LMW3. Although the maturity was decreased to about 30% of the average value for the LMW15, these values were regained to about 60% of the average values for the LMW30 and LMW90. The percent maturity in the case of HMW15 with Fe was slightly larger than that of other HMWs, suggesting that an effective chelate agent was distributed in HMW fraction at 15 day of extraction period. Most of the initial contained LMW fraction in compost was eluted at early a. Alkyl-C, alkyl carbon; N,O-Alkyl-C, alkyl carbon attached to hetero atoms; Polysaccharide-C, alkyl carbon attached to oxygen derived from polysaccharide; Aromatic-(C-H, C-C), aromatic carbon attached to hydrogen or carbon; Aromatic-(C-O), aromatic carbon attached to oxygen; Carbonyl-(COO), carbonyl carbon in acids, esters and/or amine; Carbonyl-(C=O), carbonyl carbon in quinones.
extraction stage (Table 1) , and LMW15-90 could be supplied by activation of anaerobic bacteria. After 15 days of the extraction period, an effective chelate agent was distributed into the LMW fraction with progressing of the biodegradation. At 15 days of the extraction period, an effective chelate agent was contained in the HMW fraction, because it was not decomposed enough to be distributed to LMW fraction yet. This is a plausible explanation why the maturities changed in the case of HMW15-90 and LMW15-90. A 90-day extraction period is considered to a sufficient period to permit the initial restoration of annual brown algae. For brown macroalgae, about one month is required form juvenile sporophytes via gametogenesis and sexual reproduction. 1, 24 The effect of SWEOM on oogenesis was expected, although when SWEOM extracted during a 90-day of the incubation period.
Conclusions
This study confirms that SWEOM can contribute to elute during a 90-day incubation period. The alterations in spectroscopic characteristics for HMW during the incubation period indicate that the concentrations of aromatic compounds and saccharides were decreased, and the aliphatic content of the samples were significantly increased. In contrast, the spectral features of LMW indicate that the aromatic-rich structures in the LMW were altered during incubation. The activity of anaerobic bacteria could be a cause of the structural alterations in the SWEOM, and could contribute to the supply of SWEOM in a long term period of incubation. This study also concluded that SWEOM could continue to be produced from compost as metabolites and by-products of anaerobic bacteria, and, in particular, LMW could be expected to serve as a useful agent to in the restoration of seaweed beds.
